Abstract-Super-steep retrograded (SSR) channels were compared to uniformly doped (UD) channels as devices are scaled down from 250 nm to the 50 nm technology node, according to the scheme targeted by the National Technology Roadmap for Semiconductors (1997). The comparison was done at the same gate length Lgate and the same off-state leakage current I o , where it was found that SSR profiles always have higher threshold voltages, poorer subthreshold swings, higher linear currents, and lower saturation currents than UD profiles. Using a simulation strategy that takes into account the impact of short-channel effects on drive current, it was found that the improved shortchannel effect of retrograde profiles is not enough to translate into a higher performance over the UD channels for all technologies. Hence, if the effective gate-dielectric thickness scales linearly with technology, retrograde doping will not be useful from a performance point of view. However, if the scaling of the gatedielectric is limited to about 2 nm, SSR profiles can give higher drive current than UD channels for the end of the roadmap devices. Thus, the suitability of SSR channels over UD channels depends on the gate-dielectric scaling strategy. Simulations using a self-consistent Schrödinger-Poisson solver were also used to show that the impact of quantum mechanical (QM) effects on the long-channel characteristics of SSR and UD MOSFET's will be similar.
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I. INTRODUCTION

S
CALING of MOS devices requires higher and higher substrate dopings to control short-channel effects. As the depletion width of the MOSFET scales down, the substrate doping that determines the threshold voltage also controls the short-channel effects, and the decoupling achieved in earlier technologies by using separate channel implants for threshold voltage control and punchthrough control do not appear feasible. Indeed, simulations reveal that a separate punchthrough implant has only a small effect on device performance and that scaled MOSFET's with the traditional threshold implant and a Boron I/I for the punchthrough have dc characteristics closely resembling uniformly doped (UD) MOSFET's [1] . In the rest of the paper, the UD MOSFET will be taken to approximate a conventional MOSFET with the traditional channel doping scheme.
Manuscript received August 19, 1998 ; revised March 13, 1999 With the substrate doping controlling both the threshold voltage and the short-channel effects in UD MOSFET's, concerns have been raised that in the future the substrate doping required to control short-channel effects will lead to an unacceptably high , or conversely, the substrate dopings required to achieve proper threshold voltages may be insufficient to control the short-channel rolloff [2] , [3] . To control the short-channel effects, MOSFET's with a retrograded channel profile (RCP) have been suggested in recent years [4] where the high substrate doping is buried somewhat beneath the surface, leaving a lightly doped region close to the surface. The case of a RCP MOSFET where the transition from the lightly doped surface to the heavily doped substrate is sharp is referred to as the super-steep-retrograded (SSR) profile. SSR profiles have been given different names by different researchers depending on the fabrication technique: delta-doped (DD) MOSFET [5] , [6] , low impurity channel transistors (LICT's) [7] , and atomic layer doped (ALD) MOS-FET's [8] .
In this paper, the suitability of SSR is examined for mainstream CMOS technology as it scales in accordance with NTRS guidelines. Section II reviews the arguments presented for the use of SSR profiles over UD profiles in the literature and looks at their shortcomings in making a fair comparison. Section III presents a more meaningful simulation strategy for comparing SSR and UD. In Section IV, the results of such a comparison using classical simulation are examined. Section V compares the impact of quantum effects on UD and SSR profiles.
II. DEVICE PERFORMANCE OF SSR AND UD CHANNELS
MOSFET's with RCP channel profiles were originally proposed to control latchup in CMOS circuits [9] and later to reduce ionized impurity scattering in the channel [10] . In the deep submicron regime where the mobility is dominated by surface scattering, MOSFET's with RCP profiles have been recognized primarily for their superior short-channel characteristics [2] - [8] , [11] . This has been attributed to a smaller channel depletion width at a given threshold voltage [2] . However, using both short-channel equations [2] and long-channel equations [12] , it has been realized that the higher subsurface doping required in a RCP MOSFET for the same causes it to "pinch off" at a smaller drain bias due a larger body effect and gives it a lower drive current than a UD MOSFET. The smaller depletion width also results in a poorer long-channel subthreshold swing than a UD device. It will be shown in the results that follow that the same is true for the 0018-9383/99$10.00 © 1999 IEEE short-channel devices. As a result of the poorer subthreshold slope, an SSR device also has a higher off-state leakage current when compared to the UD device at the same and . We now ask why a retrograde device may be useful for performance enhancement in device scaling even though at the same channel length and , a SSR MOSFET has lower as well as a higher than a UD MOSFET. Although the SSR MOSFET has a slightly higher linear current than a UD MOSFET, that can probably be discounted since circuit speed is generally more strongly influenced by saturation current.
Possible answers are given in literature are as follows.
• References such as [12] state that at any given channel length, a SSR profile has a lower than a UD profile for a specified . However, for a specified , the same as that of the UD profile may be obtained in a SSR at a smaller channel length. While this means having to define shorter channel lengths, the performance benefit would be smaller gate capacitance. This method of comparison fails to consider that at this shorter channel length, a UD profile could give a still higher while maintaining the specified with a higher substrate doping.
• Other references, such as [2] , have compared SSR and UD profiles at the same long-channel and compared the at (where the is established by some acceptable rolloff from a long-channel device or DIBL). This yields a higher current for the SSR because of it having a smaller . Unfortunately, this methodology compares devices which have differing channel lengths. Since, for a given technology, the minimum dimension is already set by the lithography, such a comparison is essentially meaningless. One needs to compare UD and SSR profiles not with the same long-channel , but rather with a similar at the nominal channel length of the technology. Finally, such a comparison between profiles characterizes by using the rolloff from the longchannel device whereas a more accurate comparison is based on the "rate of rolloff" at , i.e., .
• Numerous references suggest that UD devices with acceptable short-channel characteristics have too high a and that SSR devices can allow for lowering this . However, such references do not take the proper scaling of into account, and this leads them to predict much higher for the UD. For example in [3] , an unreasonable oxide thickness of 5 nm is used for comparisons at of 100 nm. There are two reasons why an unacceptably high results if the gate oxide is not scaled down suitably with channel length. First, for a given substrate doping, is higher in the case of a thicker gate-dielectric. Second, a higher substrate doping is required to control short-channel effects if the oxide is too thick.
• References such as [13] claim that SSR profiles give a higher drive current by comparing with the UD case at the same gate overdrive at a given channel length but do not maintain the same between the UD and SSR devices. This is very misleading because when the devices are compared at the same at any given channel length, a much higher subsurface doping is needed for the SSR which results in current degradation due a higher body factor.
III. SIMULATION METHODOLOGY
A simulation methodology was developed here that compares SSR and UD at the same and and that includes the impact of short-channel effects on . Devices on an IC have fluctuations in the patterned gate length about a nominal value because of some specified tolerances in gate lithography. The devices with the shortest gate lengths, , will generally have the largest (because they have the smallest due to rolloff) while the devices with the largest channel length generally have the lowest drive current. The designer has to ensure that the devices have less than the maximum specified . Then the devices have a lower drive current than the devices because of the increase in channel length and partly because of the increase in with increasing channel length. This minimum is the specified minimum drive current that can be used for computing maximum circuit delay.
While a SSR MOSFET does not give any performance enhancement at a given channel length and , a performance enhancement might accrue with this design methodology because as we move from the device to the device, the reduction in drive current attributable to increasing is less with a SSR than that for UD. If the increase in moving from to for the UD is much larger than that for SSR, the SSR MOSFET may have a higher at and, hence, a higher "minimum" for the given technology. Thus, a design more resistant to short-channel effects can result in better device performance. Higher drive current in SSR also results from the higher inversion layer mobility because of lower doping at the surface.
The loss of drive current and the enhancement in shortchannel effects in a RCP MOSFET are functions of the degree of retrograding, the channel length, the thickness of the oxide, and the allowable . At every nominal channel length and oxide thickness, UD and SSR (at different degrees of retrograding) need to be compared before concluding which channel profile gives better performance.
In the simulations that follow, scaling parameters suggested by the NTRS [14] have been used (see Table I ). The technology parameter is represented by the nominal length of the poly gate . Gate length variations of % about nominal are used. Hence, and refer to devices with gate lengths greater and less than . The effective gate dielectric thickness is scaled at , and the spacer (of oxide material) length is scaled at (see Fig. 1 ). The extension junction and the deep source/drain junction have a Gaussian profile with electrically active surface concentrations of cm and cm respectively. The characteristic lengths for these Gaussian profiles are tailored in the UD case to give an extension junction depth of and a deep source-drain junction depth of . To be fair, the drain doping profile in the SSR devices are identical to that of the UD case, so that SSR devices actually have a somewhat lower junction depth because of a higher subsurface doping. where x j is the extension depth. The technology parameter is the nominal gate length, .
The used for each technology is the maximum allowable from Table. I. The retrograde devices have a lightly doped layer cm fixed at either or where is the extension depth. Poly depletion effects are not taken into account. A workfunction of 4.17 eV for n -poly and 5.25 eV for p -poly is used. All simulations are done in a commercial version of the 2-D simulator PISCES [15] using the transverse field-dependent mobility model from the University of Texas at Austin [16] , [17] .
The substrate doping in the UD and the subsurface doping in the SSR devices were tailored to get a NTRS specified at . With these substrate dopings, the drive current of the device was used as a performance measure of any doping profile.
This method of comparing channel profiles allows the reduction of drive current due to short-channel effects to be taken into account.
IV. SIMULATION RESULTS
The substrate doping required to meet the specifications in NMOS devices is shown in Fig. 2 . Clearly, the doping required in the SSR case is higher and increases as the thickness of the undoped layer is increased. The required substrate doping for the UD case increases with shrinking dimensions as expected. For the SSR case, the subsurface doping should increase for smaller channel lengths, but may decrease due to the relaxed specification and the reduced thickness of the lightly doped layer in smaller technologies. Due to the competing factors that come into play, the required doping in the subcase is nonmonotonic. Fig. 3 is the subthreshold slope for the devices. It shows that when compared at the same and , SSR devices have a poorer turn on. As a result of the poorer subthreshold slope, the SSR devices require a higher at . The subthreshold slope was also found to be poorer for the SSR devices at and (not shown here). The change in the threshold voltage when moving from the device to the device is shown in Fig. 4 . Clearly, the SSR devices exhibit smaller rolloff in than the UD devices confirming their superior short-channel characteristics.
Shown in
The SSR devices at have a higher linear current (measured at a 50 mV drain bias), as shown in Fig. 5 . This is attributed to lower surface doping and hence higher mobility. The linear currrent generally increases by reducing effective the channel length. However, the linear current actually falls at the 50 nm node because the power supply voltage is scaled, whereas it is not feasible to reduce the threshold voltage.
The drive current of the devices is found to be lower in SSR than UD MOSFET's for both (not shown) and (Fig. 6) devices. This can be attributed mainly to the higher body factor and the higher of SSR devices. The higher body factor causes the channel of the SSR device to pinchoff at a smaller drain bias than in the UD case [12] . Some current degradation in the SSR devices may also result from the higher spreading resistance because of the lightly doped surface. Fig. 6 shows that the improved short-channel characteristics of the SSR are not enough to translate into a higher at . Increasing effects of velocity saturation and nonscalability of with supply voltage scaling typically reduce drive currents with shrinking technologies. However, in jumping from the 180-nm node to the 130-nm node, the supply voltage is not proportionally scaled (from 1.8 V to 1.5 V), and the allowed off-state leakage current is also relaxed at 130 nm (from 1 nA/ m to 3 nA/ m); as a result is slightly higher at 130 nm than at 180 nm.
For the PMOS devices the results are qualitatively similar. In Fig. 7 is shown the required substrate doping to meet the target specifications for devices. As in the NMOS case, SSR devices need a higher subsurface doping than UD devices. The drive current at is shown in Fig. 8 . Once again, the currents for SSR devices are less than those of UD devices. Other results for PMOS devices are also very similar to NMOS results.
For the 50-nm technology in the NMOS case, the SSR and UD designs were compared for cases when is scaled slower than than that suggested by the NTRS. Fig. 9 shows as a function of in the UD and SSR case. The at is maintained at the NTRS suggested value of 10 nA/ m. It is found that the SSR devices show an improvement in performance over UD devices as the effective oxide thickness increases. This is because as the increases, shortchannel effects become more severe, and the better shortchannel characteristics of SSR allow for performance gains. The higher current for the SSR case for thicker oxides can also be attributed to higher inversion layer mobility. Finally, with an increase in oxide thickness, the required doping in the SSR case (while maintaining the same ) is considerably reduced, and the current degradation due to the body-effect is also less. However, we note that the drive currents with thicker oxides are lower, and it is unlikely that such thick oxides can be used with such a low power supply voltage ( V for the 50-nm technology).
V. QUANTUM EFFECTS
The simulations performed above employed a classical 2-D device solver which does not take into account the reduction in inversion charge resulting from quantum-mechanical (QM) energy quantization at the dielectric-substrate interface. To compare the impact of QM effects on SSR versus UD profiles we looked at the change in long-channel threshold voltage and the reduction in inversion capacitance (measured on a simple capacitor) as we changed from classical simulation to a self-consistent QM simulation. Only NMOS devices were considered, and the doping profiles were identical to those considered in the simulations of Section IV. All simulations were performed using a self-consistent Schrödinger-Poisson solver [18] . Fig. 10 shows the inversion capacitance as a fraction of for the classical and QM case. It is interesting to see that the reduction in inversion capacitance from in the classical case which results from finite inversion layer thickness as well the QM case are almost identical for the UD and the SSR profile. The reason is that devices that have the same have similar threshold voltages and also similar electric fields at the dielectric-silicon interface (this has been confirmed in the case of classical simulations). Both the inversion layer thickness and the reduction in inversion charge are primarily functions of this surface electric field. Shown in Fig. 11 is the difference in long-channel threshold voltages between classical simulation and QM simulation. The differences are essentially the same, suggesting that to a first order the impact of QM effects on SSR and UD profiles will be close as long as the comparison is done for doping profiles that lead to similar off-state leakages in the two cases. This also largely validates the comparisons performed in the previous section.
VI. DISCUSSION AND CONCLUSIONS
In a uniform doping profile, both the channel depletion width and the threshold voltage are determined by the substrate doping concentration and the two cannot be decoupled from each other. Since the channel depletion width, along with the gate dielectric thickness and junction depth, determines the short-channel effects, the threshold voltage of the device and its short-channel effects cannot be decoupled from each other. Such a decoupling can be achieved by using a nonuniform doping profile where there is high doping at the surface with a lower doping underneath it (high-low profile) or by a using a low doping at the surface with a higher doping underneath it (low-high profile). A uniformly doped profile lies in the middle of this spectrum of doping profiles between the highlow profile and the low-high profile. The traditional channel doping profile consisting of a punchthrough implant followed by a shallow threshold implant gives a high-low doping profile. All retrograde channel profiles are low-high doping profiles. For a given threshold voltage, a high-low doping profile gives a larger depletion width than a uniformly doped profile, while a low-high profile gives a smaller depletion width than a uniformly doped profile.
A larger channel depletion width for a given threshold voltage gives poorer short-channel effect but improves the body effect and long-channel subthreshold swing. Conversely, a smaller depletion width improves short-channel characteristics but worsens the body effect because of a higher subsurface doping. The subthreshold slope is also degraded in this case. The impact of depletion width on the short-channel characteristics is closely looked at in [19] . Better immunity to short-channel effects improves device performance because of a smaller rolloff in the threshold voltage. However, poorer body effect can degrade the device performance because the device pinches off at a smaller drain bias. Hence, any nonuniform doping profile has a tradeoff between its shortchannel effects and its body effect.
It has been suggested that in coming technologies the shortchannel characteristics will become unacceptable for target threshold voltages. In such a case, a low-high doping profile i.e., a retrograde doping profile which reduces the channel depletion width may give a more optimal tradeoff between short-channel characteristics and body effect. However, this paper finds that retrograde profiles yield no improvement if the gate dielectric scales linearly with channel length as specified in the NTRS and, in such a case, retrograde profiles do not seem useful from a performance point of view. On the other hand, if the dielectric scaling is limited to 2 nm for the 50-nm technology node, higher current is possible with retrograde profiles because of higher mobility and better shortchannel effects. Hence, retrograde profiles may be useful if the dielectric cannot be linearly scaled with technology.
A general conclusion from the simulation results is that for a given gate length and gate length variation, there exists a crossover point in the dielectric thickness, above which a retrograde profile is more suitable and below which a uniform profile is better. A yet more refined statement in the context of nonuniform doping profiles in general would be that at each gate length, gate length variation and gate dielectric thickness, there exists an optimal channel depletion width. Shorter gate lengths, greater gate length variation and thicker gate dielectrics call for smaller channel depletion widths i.e., more retrograded profiles, and vice versa.
Comparing devices having the same , the reduction in inversion capacitance and increase in due to QM effects are found to be almost the same for the UD and the SSR case, suggesting that to a first order quantum effects will effect the long-channel characteristics of both doping profiles similarly. However, since the dielectric thickness is effectively increased due to quantum effects [20] , the crossover value in the oxide thickness above which a retrograde profile becomes useful, may be lowered.
Simulations for the 50-nm technology also predict much lower than the NTRS targeted values of 600/280 A/ m for the NMOS/PMOS case. It is therefore likely that either will have to be raised or the maximum specification somewhat relaxed for the end of the roadmap technology nodes. Either scenario will increase the gate overdrive voltage, and this makes the degradation of drive current due to shortchannel effects less severe. In such a case the use of SSR for performance gain will be yet more redundant.
The simulation methodology in this paper focusses on threshold voltage variations arising only from channel length variations. Unfortunately this ignores the effect of the coupling with other sources of statistical fluctuations. Two such effects that can be expected to become more dominant for sub-100-nm CMOS are dielectric thickness variations [21] and random dopant distribution [22] . The effects of random dopant distribution also needs to be considered in comparing uniform and retrograde profiles since both analytical equations and experimental data [23] predict reduced fluctuations with retrograde profiles. On the other hand, fluctuations in threshold voltage arising from variations in the thickness of the lightly doped layer [24] is peculiar only to retrograde profiles, and also deserves assessment.
